Background: Elevated blood glucose levels following acute ischemic stroke have been associated with adverse clinical outcomes in thrombolytic and nonthrombolytic treated patients. The current study examined multiple blood glucose parameters and their association with modified Rankin Scale (mRS) score at 3 months following mechanical thrombectomy and hospital discharge. Methods: Acute ischemic stroke patients undergoing mechanical thrombectomy with a retrievable stent at two stroke centers were studied. Admission blood glucose level, maximum blood glucose during the hospital stay, and serial blood glucose measurements within the first 24 h of hospital admission were recorded. Variability in blood glucose level was represented by the standard deviation of the serial measurements within the first 24 h. The following demographic and clinical data was also collected: age, sex, baseline NIHSS score, onset-to-reperfusion times, hemoglobin A1c, and stroke mechanism. Results: 79 patients were identified; at 3 months, 35 patients had an mRS score of 0-2 and 44 had had an mRS of 3-6. Among the blood glucose variables, standard deviation of blood glucose in the first 24 h following admission and maximum blood glucose during hospital stay were significantly higher in the mRS 3-6 group. In multivariate logistic regression analysis, only the standard deviation of blood glucose remained significant (OR = 1.07, 95% CI = 1.02-1.11, p = 0.003) in a model that adjusted for admission NIHSS score (p = 0.016) and number of stent retriever passes (p = 0.042). Conclusions: Greater blood glucose variability following acute ischemic stroke is associated with worse clinical outcome in patients undergoing mechanical thrombectomy.
Introduction
Elevated blood glucose (BG) levels at admission following acute ischemic stroke (AIS) have been associated with adverse clinical outcomes in both thrombolytic and nonthrombolytic treated patients [1, 2] . Hyperglycemia has also been shown to impair recanalization and decrease the reperfusion rates in patients treated with intravenous thrombolysis (IVT) [3, 4] . It has been hypothesized that the observed negative association between poststroke hyperglycemia and clinical outcome may be due to the overproduction of superoxides, while other theories suggest increased blood-brain barrier (BBB) disruption and reperfusion injury [5] .
The BG parameter that is most closely related to outcome in previous studies of AIS patients receiving thrombolysis is inconsistent. Data from a recent study suggest that serial measurements of BG, not measurements obtained at admission alone, are a better predictor of functional outcome in patients with AIS [6] . This study focused on AIS patients treated with IVT using tissue plasminogen activator; however, standard deviation of BG has never been examined in patients undergoing mechanical thrombectomy (MT).
A meta-analysis of the five multicenter randomized controlled trials (MR CLEAN, ESCAPE, SWIFT PRIME, EXTEND-IA, and REVASCAT) demonstrated that an early intervention with a retrievable stent plus IVT resulted in greater functional recovery than IVT alone [7] . With MT as a definitive therapeutic option in ischemic stroke patients, more data is needed on the predictors of good outcome in this population [8] . The primary aim of this study was to look at multiple BG parameters in the first 24 h following admission for AIS and their association with functional outcome following MT with a retrievable stent. The secondary aim of our study was to investigate the association of a history of diabetes and poor glycemic control with functional outcome following endovascular therapy.
Methods
We retrospectively studied consecutive AIS patients undergoing MT with a retrievable stent between August 2012 and March 2016 at two stroke centers within the SSM Hospital System (SSM Saint Louis University Hospital and SSM DePaul Hospital). The institutional review board at Saint Louis University approved the study. The IRB waived the need for written informed consent due to the retrospective design of this study. Patients were enrolled in the study if they had AIS and were treated with MT. We excluded patients with loss to follow-up evaluations and without at least 3 results of BG within the first 24 h after admission.
Patient's demographic characteristics, stroke risk factors, National Institutes of Health Stroke Scale (NIHSS) on admission, hemoglobin A1c, symptom onset-to-reperfusion times, stroke mechanism, and clinical outcomes were collected retrospectively. The number of stent retriever passes during the MT, the stent retriever type used, and the time-to-recanalization were also recorded. Per hospital protocol, BG measurements were recorded upon arrival to the emergency room and subsequently 4-6 times during the first 24 h after admission. Per our institution's standard of practice, sliding scale insulin was used for each patient to hold BG in the range of 120-160 mg/dL. Various BG parameters were included: for each patient, the mean of the patient's multiple BG values obtained during the first 24 h after admission; for each patient, the standard deviation of the patient's multiple BG values obtained during the first 24 h after admission; and for each patient, the maximum BG level obtained during the patient's entire hospital stay. Standard deviation was defined as the square root of the average squared difference between each individual number and the mean of the multiple BG values obtained during a patient's first 24 h after admission.
The primary study outcome was to compare measurements of BG and identify the best correlate(s) of modified Rankin Scale (mRS) score at 3 months following MT in AIS. Time from stroke onset to reperfusion was relevant only for cases with successful recanalization (n = 73, 92.4%); associations with outcome were estimated from applicable cases. Univariate comparisons of study variables between the two outcome groups -mRS 0-2 vs. 3-6 -were made using the independent t test (pooled variance estimate, unless otherwise indicated) or the χ 2 test of association (Pearson χ 2 , unless cell sizes required Fisher exact test). In multivariate analysis, forward conditional-selection logistic regression was used to identify variables with multivariate associations with mRS 0-2 vs. 3-6. To evaluate consistency of the multivariate model, backward conditional-elimination logistic regression was also used. Odds ratios (OR) and 95% confidence intervals were calculated; sensitivity and specificity values for outcome classification were generated. Statistical significance for all analyses was evaluated at p < 0.05.
Results
79 patients were included in this study. Baseline characteristics and descriptive results are shown in Table 1 . The study group had a mean age of 69 years with a range from 31 to 98. 49% of enrolled patients were male. 43 patients had diabetes and 15 had hyperglycemia at admission with no prior diagnosis of diabetes. 19 patients had had a previous stroke or transient ischemic attack. 35 of the 79 included patients had a 90-day mRS score less than 2.
Comparisons of variables as a function of outcome (mRS score at 3 months: 0-2 vs. 3-6) are also represented. Standard deviation of BG measurements, intracranial hemorrhage (ICH), maximum BG obtained, admission NIHSS, unsuccessful recanalization, and number of stent retriever passes were higher or more prevalent (all p < 0.05) in the mRS score 3-6 group, relative to the mRS score 0-2 group. No other significant differences were obtained. Table 2 displays the results of the multivariable, forward conditional-selection and backward conditional-elimination logistic regression analyses. In these analyses, all variables were considered for inclusion in the logistic regression equation, with the exception of basilar occlusion site, recanalization success, and ICH (variables for which sample sizes were too low or high as a function of mRS groups for inclusion in a logistic model; see Table 2 ). In separate analyses, variables were added (conditional-selection) or retained (conditionalelimination) based on statistically significant associations with mRS (0-2 vs. 3-6). A significant logistic model was obtained, χ 2 (3) = 26.3, p < 0.001, Nagelkerke R 2 = 0.38, with three variables emerging as significant correlates of mRS category: standard deviation of BG measurements (OR = 1.07, p = 0.003), admission NIHSS (OR = 1.12, p = 0.016), and number of stent retriever passes (OR = 1.91, p = 0.042). Together, these variables generated a sensitivity of 77% and a specificity of 74% for predicting outcome. Identical solutions were obtained for both logistic regression analyses (forward conditional-selection and backward conditional-elimination).
Due to low or high prevalence of events within one or both mRS groups, basilar occlusion, successful recanalization, and ICH variables could not be considered for inclusion in the logistic regression analysis. Inclusion of such variables leads to overfitting of logistic regression models. It was important, however, to consider whether the standard deviation of BG measurements would still be significantly associated with mRS with adjustment, where applicable, for these variables (since basilar occlusion was not significantly associated with mRS, it was not given further consideration). Multiple linear regression was used to investigate this issue, with mRS expressed as a continuous criterion variable (mRS = 0-6). Multiple linear regression was able to accommodate the dichotomous variables for successful recanalization (0 = no, 1 = yes) and ICH (0 = no, 1 = yes). With standard deviation of BG measurements, admission NIHSS, number of stent retriever passes, ICH, and recanalization success included in the analysis, the multiple regression equation was significant, F(5, 73) = 13.9, p < 0.001, adjusted R 2 = 0.45. As shown in Table 3 , standard deviation of BG measurements, admission NIHSS, ICH, and recanalization success -but not number of stent retriever passes -were associated with higher mRS scores. Thus, standard deviation of BG measurements was associated with mRS even with adjustment for recanalization success and ICH. 
Discussion
This retrospective study assessed various BG parameters as predictors of clinical outcome in patients being treated with MT using stent retrievers. In contrast to our analysis, previous studies have focused on admission BG as a predictor of outcome [8] [9] [10] . The time point of glucose measurement is not clear in these studies, and measurements taken upon admission are not indicative of when the stroke actually occurred. Our study actually showed that the mean of BG measurements obtained in the first 24 h had a nonsignificant yet positive trend with mRS score > 2 at 3 months, and, more importantly, the standard deviation of those measurements in the first 24 h along with the maximum BG value obtained over the course of their hospital stay was significantly associated with mRS score > 2 at 3 months. These results would suggest that values obtained following intervention with thrombectomy could be better for predicting prognosis than admission glucose alone.
There have been several theories regarding the contribution of higher BG levels to poor outcomes following IVT or MT. It has been observed that hyperglycemia is associated with larger infarct volumes and reduced salvage of perfusion-diffusion mismatch tissue [11] . This means that hyperglycemia may be associated with a larger increase in the infarct volume leading to a worse clinical outcome despite recanalization [12] . A common theory for the occurrence of ICH in patients with hyperglycemia after MT is that it is due to the BBB disruption and microvasculature impairments [13, 14] . If worsened outcome after ischemic stroke is truly related to superoxide production and/or dysfunction of the BBB, then it is probable that this is an ongoing process that is highly dependent on stroke severity and BG measured over time.
We did not find a significant difference in hemoglobin A1c among those with good clinical outcomes compared to those without. This may indicate that a patient's glucose control prior to AIS is not a major contributor to their clinical outcome. Our study points to poststroke hyperglycemia -likely secondary to stress-related cortisol release -as the more important factor. Overproduction of counterregulatory hormones and cytokines leads to failure of insulin to suppress hepatic gluconeogenesis in a hyperglycemic environment [15] . Many studies have been done to demonstrate the significant portions of hospitalized patients exhibiting hyperglycemia, many of whom meet the criteria for diabetes, with no history of a previous diagnosis of the disease [16, 17] .
In our study, BG variability was more associated with clinical outcome in patients with AIS treated with MT than any single BG reading taken prior to the procedure. Yoo et al. [6] found that BG after IVT, mean BG, and maximum BG were all associated with mRS score > 2 at 3 months. We obtained similar results in our study with MT, showing mean BG and maximum BG as predictors of outcome. However, Yoo et al. [6] found that standard deviation of BG showed a nonsignificant yet positive association with death within 3 months. The results of our study showed standard deviation of BG to have the highest predictive value for good versus poor outcome. There was also a recent study that showed BG variability as a strong predictor of unfavorable clinical outcome in patients with subarachnoid hemorrhage. This association has been well established in critically ill patients without stroke, but only in regard to mortality and not functional or neurological outcome [18] .
There are a few limitations to this study. First, it is limited by its retrospective design with a modest sample size taken from two medical centers. In addition, we were not able to collect data on the insulin treatments given to the patients in the study who had hyperglycemia. Variability in insulin regimens is likely a confounding variable in this study, specifically in regards to the postadmission BG levels used to obtain mean and standard deviation. Also, patients with elevated blood sugar would be more likely to have multiple BG measurements during the course of their hospital stay. In addition, there is currently no universal standard of practice for diet or hydration following MT at our institution. The cases are discussed amongst the interventionalist and the critical care team to tailor to the needs of each individual patient.
In conclusion, the results of our study suggest that using standard deviation of serial measurements of BG might be better than single BG measurements, such as admission BG, at predicting clinical outcome in patients with AIS treated with MT. It remains unclear, however, whether correction of this variability in BG would result in improved functional outcome. Current guidelines from the AHA recommend treating hyperglycemia to achieve a BG level in a range of 140-180 mg/dL following AIS. Tight glycemic control using insulin can result in hypoglycemia, and a strict protocol to maintain BG within this small target range would be difficult to implement given any necessary adjustments in oral intake along with the importance of early mobilization in poststroke care. Further research into the association of BG variability and clinical outcome after MT for AIS is needed.
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